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INTRODUCTION

In the 1990s, drug resistance has become an important prob-
lem in a variety of infectious diseases including human immu-
nodeficiency virus (HIV) infection, tuberculosis, and other
bacterial infections which have profound effects on human
health. At the same time, there have been dramatic increases
in the incidence of fungal infections, which are probably the
result of alterations in immune status associated with the AIDS
epidemic, cancer chemotherapy, and organ and bone marrow
transplantation. The rise in the incidence fungal infections has
exacerbated the need for the next generation of antifungal
agents, since many of the currently available drugs have unde-
sirable side effects, are ineffective against new or reemerging
fungi, or lead to the rapid development of resistance. Although
extremely rare 10 years ago, antifungal drug resistance is
quickly becoming a major problem in certain populations, es-
pecially those infected with HIV, in whom drug resistance of
the agent causing oropharyngeal candidiasis is a major prob-
lem (60, 203). For instance, 33% of late-stage AIDS patients in
one study had drug-resistant strains of Candida albicans in
their oral cavities (101). There are no large-scale surveys of the
extent of antifungal drug resistance, which has prompted re-
quests for an international epidemiological survey of this prob-
lem (133).

Since the initial studies of antifungal drug resistance in the
early 1980s, we have accumulated a body of knowledge con-
cerning the clinical, biochemical, and genetic aspects of this
phenomenon. Recently, an elucidation of the molecular as-
pects of antifungal drug resistance has been initiated. This
review will summarize the current knowledge of the clinical
and cellular factors that contribute to antifungal drug resis-
tance and will focus on the molecular mechanisms that have
recently been described. The elucidation of the molecular
mechanisms of drug resistance is still a work in progress. An
attempt will be made to highlight research areas that have not
yet been investigated.

This review will focus on the pathogenic yeast Candida al-
bicans, since a large body of work on the factors and mecha-
nisms associated with antifungal drug resistance in this organ-
ism has recently been reported. When appropriate, antifungal
drug resistance in other common medically important fungi,
such as Cryptococcus and Aspergillus, will be discussed. This
review will not deal extensively with dermatophytes or with
medically unimportant fungi. However, it is likely that many of
the mechanisms described for C. albicans will be applicable to
other fungi, especially since the currently available antifungal
drugs are used for a variety of fungal infections.

MECHANISMS OF ACTION OF ANTIFUNGAL DRUGS

With the exception of 5-flucytosine, the antifungal drugs in
common usage are directed in some way against ergosterol, the
major sterol of the fungal plasma membrane, which is analo-
gous to cholesterol in mammalian cells. Ergosterol in the fun-
gal membrane contributes to a variety of cellular functions. It
is important for the fluidity and integrity of the membrane and
for the proper function of many membrane-bound enzymes,
including chitin synthetase, which is important for proper cell
growth and division (77, 204). The mechanisms of action of
antifungal drugs discussed below have been reviewed exten-
sively (204).

Polyenes

The polyenes are a class of antifungal drugs that target
membranes containing ergosterol. These drugs, which include
amphotericin B and nystatin, are amphipathic, having both
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TABLE 1. Ergosterol biosynthetic pathway from squalene
to ergosterol”

Gene Sterol

Name Enzyme Intermediate Inhibitor
Squalene
Squalene Allylamines
ERG1 epoxidase V Thiocarbamates
2,3-Oxidosqualene
ERG7 Lanosterol Synthase v
Lanosterol
ERG11 Lanosterol (C-14)
Demethylase v Azoles
ERG24 C-14 Sterol Reductase v Morpholines
ERG25

ERGX C-4 Sterol = V
ERGY Demethylase Enzymes\

Zymosterol
ERG6 C-24 Sterol v
Methyltransferase
Fecosterol
ERG2 C-8 Sterol Isomerase v Morpholines
Episterol

ERG3 C-5 Sterol Desaturase v

ERGS C-22 Sterol Desaturase v Azoles (?)
ERG4 C-24 Sterol Reductase v

Ergosterol

“ The table lists the ERG gene designations, the enzyme encoded by
the gene, a selected number of sterol intermediates, and the antifungal
inhibitors that are directed at specific enzymes. Several sterol interme-
diates, side paths, and alternate pathways are not listed, for simplifica-
tion. All of the genes listed have been cloned in S. cerevisiae (27, 103)
except ERGX and ERGY. The C-4 sterol demethylase enzymes include
three enzyme activities which together remove two methyl groups from
C-4 (two arrows). Two of the genes for the C-4 sterol demethylase
enzymes, referred to as ERGX and ERGY in the table, have not been
cloned and do not yet have gene designations (103). The azole inhibi-
tion of ERGS has recently been suggested (83).

hydrophobic and hydrophilic sides. The drugs are thought to
intercalate into membranes, forming a channel through which
cellular components, especially potassium ions, leak and
thereby destroying the proton gradient within the membrane
(201). The specificity of the drugs for ergosterol-containing
membranes is thought to be due to the interactions of the
amphotericin B channel with ergosterol in the membrane, al-
though the mechanism of this interaction is unknown. The
specificity of amphotericin B for ergosterol-containing mem-
branes may also be associated with phospholipid fatty acids
and the ratio of sterol to phospholipids (201). The drugs are
less likely to interact with membranes containing cholesterol. It
has also been suggested that amphotericin B causes oxidative
damage to the fungal plasma membrane (201, 203, 204). How-
ever, recent evidence suggests that amphotericin B has an
antioxidant effect in vivo, protecting fungal cells against oxida-
tive attack from the host (135).

Ergosterol Biosynthesis Inhibitors

Several inhibitors of the ergosterol biosynthetic pathway
have been developed for use against medically important fungi,
including allylamines and thiocarbamates, azoles, and morpho-
lines (Table 1). All of these drugs interact with enzymes in-
volved in the synthesis of ergosterol from squalene, which is
produced from acetate through acetyl coenzyme A, hydroxy-
methylglutaryl coenzyme A, and mevalonate. Ergosterol is an
important sterol for fungi, since it is the predominant or “bulk”
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TABLE 2. Gene nomenclature”

Gene Derivation of name Organism(s)

CAD Cadmium resistance Saccharomyces

CAP Candida activation protein (transcription factor) Candida

CDR Candida drug resistance Candida

CFTR Cystic fibrosis transmembrane conductance receptor Many systems

CYHR Cycloheximide resistance Candida

ELF Elongation factor Candida

ERG Ergosterol biosynthetic enzymes® Saccharomyces and Candida
FCY Flucytosine resistance Candida

FLR Fluconazole resistance Saccharomyces

HST6 Homolog of STE6 Candida

MDR Multidrug resistance Many systems

MRP MDR-related protein Many systems

PDR Pleomorphic drug resistance Saccharomyces

STE6 Sterile 6 (gene involved in mating — a factor export) Saccharomyces

THR Threonine biosynthetic enzyme Saccharomyces and Candida
yAP Yeast activation protein Saccharomyces

YCF Yeast cadmium factor Saccharomyces and Candida
YEF Yeast elongation factor Saccharomyces and Candida

“ Gene names are derived from the definition given in the second column. The organism in which the gene has been identified is listed in the third column. In many
instances, the gene name is used in more than one species, in many fungi, or in many biological systems. Many gene names represent families of genes in which the
gene name is followed by a number which designates a specific gene from the family. For references, see the text.

> See Table 1.

sterol in fungal plasma membranes. In addition, it has an
essential “sparking” function in which trace amounts of ergos-
terol are necessary for the cells to progress through the cell
cycle. This sparking function is independent of the bulk sterol
in the fungal membranes, since certain sterols can replace the
bulk sterol of the membrane without supplying the sparking
function for the cell cycle (67). The ergosterol biosynthesis
inhibitors disrupt both the bulk sterol of fungal membranes
and the sparking function in the cell cycle.

The allylamines (i.e., naftifine and terbinafine) and thiocar-
bamates (i.e., tolnaftate and tolciclate) inhibit the conversion
of squalene to 2,3-oxidosqualene by the enzyme squalene ep-
oxidase (44, 123, 163). This enzyme is the product of the ERG!
gene (gene designations are given in Table 2), which has re-
cently been cloned in C. albicans (Table 1) (161). This class of
drugs may inhibit the epoxidase through a naphthalene moiety
common to both types of drugs (204). The drugs are noncom-
petitive inhibitors, and cells accumulate squalene in their pres-
ence.

The azoles, including both imidazoles (ketoconazole and
miconazole) and triazoles (fluconazole, itraconazole, and vori-
conazole), are directed against lanosterol demethylase in the
ergosterol pathway. This enzyme is a cytochrome P-450 en-
zyme containing a heme moiety in its active site (66, 199). The
azoles act through an unhindered nitrogen, which binds to the
iron atom of the heme, preventing the activation of oxygen
which is necessary for the demethylation of lanosterol (77). In
addition to the unhindered nitrogen, a second nitrogen in the
azoles is thought to interact directly with the apoprotein of
lanosterol demethylase. It is thought that the position of this
second nitrogen in relation to the apoprotein may determine
the specificity of different azole drugs for the enzyme (66, 199).
At high concentrations, the azoles may also interact directly
with lipids in the membranes (71, 77). Two other antifungal
drug classes, the pyridines (buthiobate and pyrifenox) and the
pyrimidines (triarimol and fenarimol), inhibit lanosterol de-
methylase and are used extensively as antifungal agents in
agriculture but are not used in medicine (201). While many
fungal species are sensitive to the azoles, Mucor spp. are in-
trinsically resistant to these drugs (112). Candida krusei and
Aspergillus fumigatus are intrinsically resistant to fluconazole

and ketoconazole, but both are usually sensitive to itracon-
azole (112) and voriconazole (118).

The morpholines (i.e., fenpropimorph and amorolfine) in-
hibit two enzymes in the ergosterol biosynthetic pathway, C-14
sterol reductase and C-8 sterol isomerase. The genes for these
two enzymes, ERG24 and ERG2, have not yet been cloned
from any medically important fungus, but have been cloned
from S. cerevisiae. However, little is known of the interaction of
the morpholines with ERG24 or ERG2.

5-Flucytosine

5-Flucytosine (5-FC) has an entirely distinct mode of action
from the azoles. 5-FC is taken up into the cell by a cytosine
permease and deaminated into 5-fluorouracil (FU) by cytosine
deaminase. 5-FC is fungus specific since mammalian cells have
little or no cytosine deaminase (203, 204). FU is eventually
converted by cellular pyrimidine-processing enzymes into
5-fluoro-dUMP (FAUMP), which is a specific inhibitor of thy-
midylate synthetase, an essential enzyme for DNA synthesis,
and 5-fluoro-UTP (FUTP), which is incorporated into RNA,
thus disrupting protein synthesis.

CLINICAL COMPONENTS OF ANTIFUNGAL
DRUG RESISTANCE

The AIDS epidemic, improved life-sustaining technologies,
and aggressive anticancer therapy have contributed to today’s
severely immunosuppressed patient population who survive
longer in the immunocompromised state. Mucosal and sys-
temic fungal infections are common in patients lacking intact
host defenses, increasing the dependence on antifungal agents
for prophylaxis and treatment. Coincident with this increased
usage, resistance has been observed. This section will discuss
clinical aspects of antifungal resistance: uses of antifungal
agents, and the definition and epidemiology of antifungal re-
sistance.

Clinical Uses of Antifungal Agents

Drugs from the polyene class of antifungal agents, specifi-
cally amphotericin B, have long been considered the most
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effective of the systemically administered antifungal agents.
The fungicidal antifungal drug amphotericin B has in vitro and
in vivo activity against yeasts (Candida spp., Cryptococcus neo-
formans), molds (Aspergillus spp., Zygomycetes, dematiaceous
fungi), and dimorphic fungi. Unfortunately, infusion-related
toxicities, the frequent association of renal dysfunction, and
the intravenous formulation of amphotericin B have limited
the utility of this drug. Similarly, 5-FC, although generally
active against Candida spp., C. neoformans, and some molds,
has limited clinical utility owing to the frequent association of
hematological toxicity and the rapid development of resis-
tance, particularly when it is used as a single agent (discussed
in more detail below) (17). The azole antifungal agents, be-
cause of their relative safety and ease of delivery, have subse-
quently become a critical component in the antifungal arma-
mentarium.

Inconsistent levels in blood and high toxicities limited the
utility of the first azoles, until ketoconazole was developed and
used to treat chronic mucocutaneous candidiasis in the early
1980s (72). Fluconazole, found to be active against C. albicans
in vitro and in vivo (162), has since become the drug of choice
for the treatment of the most common AIDS-associated op-
portunistic infection, oropharyngeal candidiasis. Convenient
administration and extended activity against non-Candida
fungal infections (cryptococcosis, histoplasmosis, and coccid-
ioidomycosis) have made azoles attractive as systemically ad-
ministered drugs for the therapy and prophylaxis of AIDS-
associated opportunistic infections (29, 51). Fluconazole is the
preferred azole owing to a high oral bioavailability and good
safety profile, although the less expensive ketoconazole is still
frequently used for antifungal treatment in other countries
(38). A recent study suggests that high doses of fluconazole
might be effective therapy for mild blastomycosis in HIV-neg-
ative patients (137). Itraconazole and some of the newer azoles
such as voriconazole have in vitro activity against various non-
yeast fungal infections (molds, dimorphic fungi), but the clin-
ical utility of the newer compounds is still being defined (17,
118).

Over the last several decades, aggressive anticancer therapy
has resulted in another patient population that has become
increasingly exposed to azole drugs for antifungal treatment
and prophylaxis. An increased incidence of invasive Candida
infections and attributable mortality have been documented in
patients undergoing chemotherapy and bone marrow trans-
plantation (193). Prophylactic fluconazole has been shown to
decrease the incidence of local and invasive candidiasis in
patients receiving chemotherapy and bone marrow transplan-
tation, and today it is used in some centers for the prevention
of candidiasis in neutropenic patients (59, 182, 214).

The role of azole antifungal agents in preventing and treat-
ing yeast infections in nonneutropenic patients has been ex-
panding. Fluconazole has been shown to be effective presump-
tive therapy in surgical intensive care unit patients colonized
with Candida spp. (143, 188) and as treatment for candidemia
in nonneutropenic patients (156). In addition, azole antifungal
agents have been found to be an effective single-dose therapy
for vaginal candidiasis (183, 190).

Resistance to each of the antifungal agents has been re-
ported in clinical isolates under specific conditions. However,
the increased use of azoles in immunocompromised patients
has had the largest effect on the frequency, morbidity, and
response to therapy of fungal infections in the hospital and in
the outpatient setting. Recently, advances in clinical microbi-
ology have enabled us to detect and define azole resistance.
The epidemiology of antifungal resistance, including the inci-
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dence, prevalence, and related host risk factors, will be dis-
cussed in more detail below.

Definition of Resistance and Role of
Susceptibility Testing

Before the development of susceptibility testing of yeasts as
outlined by the National Committee for Clinical Laboratory
Standards (NCCLS), MIC determinations were inconsistent
and varied up to 50,000-fold in different laboratories (49).
NCCLS document M27, first published in 1992, has recently
been revised (M27-A) and subsequent studies have demon-
strated that the interlaboratory reproducibility of MIC deter-
mination approximates that of antibacterial testing (159). The
macrodilution method has set the groundwork for the devel-
opment of less cumbersome methods adapted for the clinical
laboratory. These methods, relying on microdilution with or
without colorimetric indicators or agar diffusion, have been
shown to be reproducible and consistent with the standardized
macrodilution method according to preliminary studies (141).
One complication of the NCCLS protocol is that for certain
isolates, the timing of the end point determination can have a
major effect (up to 128-fold) on the MIC. A recent study
suggests that determining the end point after 24 instead of 48 h
ensures that the MICs for these isolates correlate with the in
vivo response to azoles (157). In addition, there have been
significant advances in susceptibility testing for filamentous
fungi (34), as well as in vitro testing of amphotericin B suscep-
tibility. Technical advances of antifungal susceptibility testing
have been recently reviewed (141).

Historically, clinical resistance has been defined as persis-
tence or progression of an infection despite appropriate anti-
microbial therapy. A successful clinical response to antimicro-
bial therapy typically not only depends on the susceptibility of
the pathogenic organism but also relies heavily on the host
immune system, drug penetration and distribution, patient
compliance, and absence of a protected or persistent focus of
infection (e.g., a catheter or abscess). This is particularly true
for fungal infections (Table 3).

The in vitro resistance of an isolate can be described as
either primary or secondary. An organism that is resistant to a
drug prior to exposure is described as having primary or in-
trinsic resistance. Secondary resistance develops in response to
exposure to an antimicrobial agent. Both primary and second-
ary resistance to antifungal agents have been observed.

A correlation of in vitro susceptibility with in vivo response
has been observed for mucosal candidal infections in HIV-
infected patients. Many groups have noted that the clinical
outcome is generally dependent on the in vitro susceptibility of
the organism. One group performed fluconazole susceptibility
testing on fungal isolates obtained from 87 HIV-infected pa-
tients. They observed that persistent oropharyngeal candidiasis
correlated with infections caused by yeasts for which the MICs
of fluconazole were high (24). Similar trends have been docu-
mented by a number of other investigators (9, 94, 108, 126).
However, host variables become important when in vivo resis-
tance is compared with in vitro MIC testing, especially in
evaluating systemic infections (Table 3). The more immuno-
compromised the host, the less reliable is the correlation be-
tween in vivo resistance and MIC. The ability of C. albicans to
form biofilms on surfaces (catheters, teeth, and endothelial
cells) has been implicated as a cause of clinical “resistance”
despite microbial susceptibility in vitro. One study demon-
strated an increased resistance in the cells of the biofilm com-
pared to that in cells growing in suspension (62). The forma-
tion of layers of cells may confer protection to organisms in the
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TABLE 3. Factors that may contribute to clinical antifungal drug resistance

Fungal factors Drug factors

Host (and other) factors

Initial MIC Fungistatic nature of drug

Cell type Dosing
Yeast/hyphae Frequency
Switch phenotype Quantity
Serotype Schedule (intermittent vs continuous)

Genomic stability of strain Cumulative dose

Size of population Pharmacokinetics

Population “bottlenecks” Absorption

Biofilms Distribution
Metabolism

Drug-drug interactions

Immune status

Site of infection

Severity of infection

Presence of foreign materials (dentures, catheters, prosthetic valves)
Abscess formation

Patient noncompliance with drug regimen

inner layers, leading to failure of antifungal therapy. Alterna-
tively, infection caused by a resistant organism does not always
predict clinical failure. A clinical response to fluconazole oc-
curred in 11 of 13 patients with oral candidiasis even though
they were infected with isolates for which the MICs were 32 or
64 pg/ml (155). The correlation between in vivo response and
in vitro susceptibility has been reviewed in detail, with most of
the data being derived from patients infected with HIV (53).

For aid in clinical interpretation of antifungal susceptibility
testing, the NCCLS Subcommittee for Antifungal Susceptibil-
ity Testing recently established interpretive breakpoints for
testing of fluconazole and itraconazole for Candida infections
(158). The breakpoints for fluconazole MICs are as follows: <8
pg/ml, sensitive; 8 to 32 pg/ml, susceptible dose dependent;
and =64 pg/ml, resistant. The breakpoints for itraconazole
MIC:s are as follows: =<0.125 wg/ml, sensitive; 0.25 to 0.5 pg/ml,
susceptible dose dependent; and =1.0 pg/ml, resistant. These
breakpoints do not apply for C. krusei, which is intrinsically
resistant to most azole drugs. The intermediate levels of resis-
tance are denoted susceptible dose dependent since they are
usually treatable with high doses of drug (at least 400 mg of
fluconazole per day or doses of itraconazole that maintain the
levels in plasma at =0.5 pg/ml). Despite the advances in testing
and interpretation, the ability of susceptibility testing to guide
therapeutic decision making remains controversial. In re-
sponse to this dilemma, experts in the field recently proposed
recommendations for antifungal testing in the clinical labora-
tory (141). According to these authors, susceptibility testing is
not routinely indicated for any fungus. They recommend test-
ing of Candida spp. causing oropharyngeal candidiasis in pa-
tients with AIDS who are not responding to azole therapy and
in some patients with invasive candidiasis (141).

The establishment of a reproducible method of susceptibility
testing not only has resulted in advances in therapeutic deci-
sion making, but it also will enable further study of the
epidemiology of antifungal resistance in yeasts by allowing
comparisons between studies. Recent analyses addressing
the prevalence, impact, and microbiological and host risk fac-
tors are discussed below and addressed in more detail in two
recent reviews (3, 206).

Epidemiology: Prevalence, Risk Factors,
and Clinical Implications

Clinical in vitro resistance to all antifungal agents has been
reported. Infections caused by azole-resistant Candida spp.
have been found in AIDS patients worldwide. Resistance to
the polyene antifungal agents and flucytosine have developed
in yeasts and a few molds and needs to be taken into consid-
eration during therapeutic decision making.

Polyene resistance. Reports of amphotericin B resistance
are limited, but it appears that severely immunocompromised

patients, especially patients with cancer, are at the highest risk.
How specific factors such as previous polyene exposure and
cytotoxic chemotherapy exposure contribute to the develop-
ment of amphotericin B resistance has yet to be defined epi-
demiologically. It appears that amphotericin B resistance in
Candida spp. and Cryptococcus neoformans can develop in pa-
tients previously exposed to azole antifungal agents. This is
thought to be due to an alteration of cellular membrane com-
ponents.

Several molds (Pseudallescheria boydii, Scopulariopsis, Fusar-
ium), as well as the yeasts Trichosporon beigelii, Candida lus-
itaniae, and Candida guilliermondii, possess primary resistance
to amphotericin B. However, the clinical impact has been lim-
ited by the infrequency of invasive infection caused by these
resistant organisms and the lack of evidence that such resis-
tance has led to increased numbers of these infections (39, 61,
136, 215). Secondary resistance to amphotericin B has been
found in yeasts causing infections in patients with cancer (30,
145, 205). In vitro susceptibility of 29 invasive yeast isolates to
amphotericin B was examined in cancer chemotherapy and
transplant patients. A significant increase was seen in the av-
erage MIC compared to that for colonizing isolates in nonim-
munocompromised patients (145). Disseminated infection due
to amphotericin B-resistant yeasts has since been reported in
other cancer patients undergoing chemotherapy (131), but
there have been few reports of amphotericin B resistance de-
veloping in other immunocompromised patients. Development
of disseminated candidiasis due to amphotericin B-resistant C.
albicans has been documented in an immunocompetent
trauma patient (30). It was hypothesized that previous expo-
sure to another polyene (nystatin) selected for a resistant strain
in this patient. In addition, several strains of fluconazole- and
amphotericin B-resistant C. albicans have been found in HIV-
infected patients who have received prolonged courses of an-
tifungal prophylaxis with azoles (85). Despite these case re-
ports, secondary resistance to amphotericin B appears to be an
infrequent development.

Cryptococcal meningitis requires lifelong suppressive anti-
fungal therapy and recurrence is common despite extended
therapy with amphotericin B (43, 91). The in vitro susceptibil-
ity of C. neoformans to amphotericin B was tested in isolates
from five patients with recurrent meningitis, and no increase in
resistance was found in recurrent isolates (25). It was hypoth-
esized that amphotericin B failure occurred because of poor
host immune function, poor penetration, and/or inconsistent
compliance with medications. Subsequent studies have docu-
mented C. neoformans resistance to amphotericin B, although
prevalence and significance have not yet been determined (76,
211).

Flucytosine resistance. Primary resistance to 5-FC is com-
mon in certain yeasts and molds. Non-albicans Candida spp., as



Vor. 11, 1998

well as Aspergillus spp., C. neoformans, and the dimorphic
fungi, have high rates of 5-FC resistance (47, 178). In addition,
secondary resistance is a common development, especially in
patients receiving 5-FC monotherapy. There is some indication
that the severity of immunosuppression and fungal burden may
be important risk factors leading to the development of resis-
tance (47). Because 5-FC resistance develops frequently, the
drug should never be used as a single agent to treat either yeast
or mold infections. Specific mechanisms of 5-FC resistance in
Candida spp. and C. neoformans have been described and are
detailed later in this review.

Azole resistance. As azole antifungal agents have become
important in the treatment of mucosal candidiasis in AIDS
patients, reports of resistance have increased. In fact, azole
resistance has now been found in patients not infected with
HIV and, in some situations, in patients not previously exposed
to antifungal agents. Several factors contribute to clinical an-
tifungal drug resistance (Table 3).

Several studies have documented that infections due to the
intrinsically azole-resistant non-albicans Candida spp. have in-
creased nationwide (128, 149). At one institution, C. albicans
comprised 87% of the isolates recovered from blood prior to
the use of fluconazole (1987 to 1991) but accounted for only
31% of the isolates in 1992, when fluconazole was used fre-
quently for prophylaxis and treatment (149). Similarly, an in-
creased incidence of non-albicans species with increased azole
MICs arose over a 3.5-year study period at another institution
(128).

Patients infected with HIV frequently develop oral candidi-
asis. Candida colonizes the mouths of 64 to 84% of these
patients and causes symptomatic disease in up to 46% (109,
116, 167). Reports of azole resistance developing in this setting
are numerous (reviewed in reference 160). The prevalence of
azole resistance has been estimated to be 21 to 32% in symp-
tomatic patients and up to 14% in asymptomatic patients (109,
116, 155). In a case-control study, advanced immunosuppres-
sion and previous exposure to oral azoles were found to be risk
factors for the development of resistance (108). In that study,
patients with resistant infections had lower mean CD4 counts
(11 versus 71/mm?) and a longer duration of antifungal therapy
than the matched controls (419 versus 118 days). These results
are similar to those found by several other investigators (6,
172). In addition to a long duration of therapy, azole resistance
has been reported to occur in association with high total cu-
mulative doses of fluconazole (=10 g) (120, 212) and with
recent exposure to the drug (<1 year prior to the episode)
(155). Interestingly, several patients in one study who had
received >10 g of fluconazole did not develop resistant candi-
diasis and several patients with no exposure to fluconazole
developed resistant candidiasis (155). The dosing schedule
may have an effect on the development of resistance, since
patients treated with intermittent therapy were more likely to
develop resistance than those treated continuously (64). Still, it
is important to be aware that fluconazole resistance has been
found in patients treated with daily prophylaxis, weekly pro-
phylaxis, and even episodic single doses (6, 95, 172, 196). These
observations emphasize that the development of resistance is
complex and relies on multiple host and microbial risk factors.

Both primary resistance and secondary resistance have been
documented in HIV-infected patients. Although symptomatic
candidiasis develops more commonly due to C. albicans, sev-
eral groups have documented resistant oral candidiasis caused
by non-albicans Candida spp. (108, 155). C. dubliniensis, a new
species associated with oral candidiasis in HIV-infected pa-
tients, has recently been shown to develop stable fluconazole
resistance at a high frequency following exposure to azoles in
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vitro (124). It has been suggested that C. dubliniensis accounts
for a large number of resistant infections in this population,
but the prevalence has yet to be determined. Additional flu-
conazole-resistant species, Candida inconspicua and Candida
norvegensis, have recently been reported as pathogens in pa-
tients receiving fluconazole (5, 166). Secondary resistance has
been confirmed through the study of a patient with AIDS who
developed several episodes of thrush caused by a single strain
of C. albicans that acquired increasing resistance over time
(142, 153). Several groups have suggested that selection for
resistant strains occurs with azole treatment (9, 142), but nos-
ocomial transmission (14) and transmission of resistant strains
between partners (8, 42) can also occur. The specific mecha-
nisms of acquired azole resistance are discussed in depth later
in this review.

Infections due to azole-resistant Candida have also emerged
in patients not infected with HIV. Seventeen fluconazole-re-
sistant isolates were found in a collection of 139 strains of C.
albicans isolated from patients not infected with HIV at one
institution (56). Primary resistance in cancer patients has been
well documented, with a change in the spectrum of Candida
pathogens to a higher incidence of intrinsically resistant non-
albicans species. Several groups have documented an increased
incidence of infection due to C. krusei and C. glabrata in cancer
and bone marrow transplant patients (226, 227). Recently, the
same trend has been noted in surgical intensive care patients
treated with fluconazole (55, 164). Whether this is due to
selection for more intrinsically resistant species as a result of
fluconazole administration or to another risk factor, such as
neutropenia, is controversial. Several groups have found no
association between fluconazole use and infection with non-
albicans species (74). The development of secondary resistance
has been confirmed in this setting with recent reports of dis-
seminated disease due to resistant C. albicans developing in
patients with leukemia and bone marrow transplantation (114,
131). One patient died from candidiasis after a colonizing
isolate developed resistance and disseminated after only 23
days of fluconazole exposure (114). Specific risk factors in this
population are not clear and are currently being studied in the
bone marrow transplant population.

Azole resistance has been reported as a cause of recurrent
vulvovaginal candidiasis (RVVC). The first case of RVVC
caused by an azole-resistant C. albicans strain in an HIV-
negative woman was reported in 1996 (184). In addition, mul-
tiple groups have shown that the incidence of vaginitis due to
non-albicans Candida spp. has increased (154, 189). Despite
these reports and an increased use of oral azoles for vulvovag-
inal candidiasis, two groups have recently shown that azole-
resistant Candida spp. are rarely the cause of RVVC (46, 107).
A longitudinal susceptibility analysis of 177 C. albicans isolates
from 50 patients with RVVC did not observe increased MICs
to azoles despite long-term exposure (107). The role of azole
resistance in recurrent vaginal infections in these immunocom-
petent hosts will need to be assessed in larger prospective
studies.

Although amphotericin B and flucytosine resistance has
been reported, azole resistance appears to be emerging as the
major problem in patients treated for yeast infections. This
may be the result of an increased usage of azoles, which are
fungistatic drugs, unlike amphotericin B, which is fungicidal.
The importance of selective pressure for resistant strains, in-
duction of secondary resistance, or even nosocomial transmis-
sion of resistant strains has not been clearly defined. Genetic
typing of isolates in patients with AIDS, recurrent vaginitis,
and neutropenia has demonstrated the development of resis-
tance in colonizing strains, suggesting that induction of muta-
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tion plays an important role in the development of resistance
(146, 175, 186). The remainder of this review discusses specific
mechanisms of resistance.

CELLULAR MECHANISMS OF ANTIFUNGAL
DRUG RESISTANCE

Fungal disease that is refractory to treatment with antifungal
drugs is defined as clinically drug resistant. A common cause of
refractory disease is infection with a fungal strain for which the
drug MIC is higher than average. Several factors can lead to
the presence of a resistant strain in a patient: intrinsic resis-
tance of endogenous strains, replacement with a more resistant
species (C. krusei, C. glabrata), replacement with a more resis-
tant strain of C. albicans, genetic alterations that render an
endogenous strain resistant, transient gene expression that
renders an endogenous strain temporarily resistant, alteration
in cell type (yeast/hypha, switch phenotype), size and variability
of the population, and population “bottlenecks.” These are
discussed in more detail in the following sections.

Change to a More Resistant Species

For each fungal species, there is a distribution of MICs of
each antifungal drug. The average MIC of a particular drug
can be determined for each species. By using this type of
analysis, it is clear that C. krusei is intrinsically more resistant
to azole drugs than is C. albicans, with most strains of C. krusei
having high azole MICs. In addition, many strains of C. gla-
brata have azole MICs that are significantly higher than those
for most strains of C. albicans (reviewed in references 133 and
160). Recently, Candida norvegensis and Candida inconspicua
have also been described as intrinsically resistant species, al-
though these species are uncommon human pathogens (5,
166).

These resistant species may be present by chance in a
healthy individual as commensal organisms which can then
become a problem when the individual becomes immunocom-
promised and is administered azole therapy. Alternately, in-
fection with these species can be acquired from the environ-
ment or from other individuals. It is thought that in an
immunocompetent individual, the endogenous species would
prevent these new species from becoming established. How-
ever, in an immunocompromised patient, the selective pres-
sure of antifungal drugs may allow the replacement of endog-
enous species with a more resistant superinfecting species.

The intrinsic resistance of C. krusei and some strains of C.
glabrata to azole drugs has resulted in an increased frequency
of these species in patient populations that depend on azole
drugs for treatment or prophylaxis (see, e.g., references 133,
144,226, and 227). It is likely that the azole drugs used by these
patients suppress the growth of sensitive isolates such as those
of C. albicans, and allow the growth of more resistant strains or
species.

Change to a More Resistant Strain of C. albicans

In addition to the resistant species such as C. krusei and C.
glabrata, there are intrinsically resistant strains of C. albicans
that can be part of a commensal growth or can be acquired
from the environment or other individuals. Resistant strains of
C. albicans can occur as a result of the normal distribution of
MICs that all species exhibit, or they can develop resistance
through the mechanisms described below.

Several studies have investigated the frequency of strain
replacement (one strain for another) in a single patient. In one
such study (13), strain replacement was seen in the develop-
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ment of resistance in one of four AIDS patients (25%). Sen-
sitive and resistant isolates were obtained from these patients
over time, and the isolates were analyzed by pulsed-field gene
electrophoresis (molecular karyotyping) and restriction frag-
ment length polymorphism (RFLP). Three of the four patients
maintained the same strain, while the sensitive and resistant
isolates from the fourth patient were clearly different by RFLP
but not by karyotyping. In a second study (120), sensitive and
resistant isolates from seven patients were studied by RFLP
and karyotyping. In all seven (0% replacement), the sensitive
and resistant isolates were the same strain. In a third study
(104), multiple sensitive and resistant isolates from three pa-
tients were studied by RFLP, karyotyping, and randomly am-
plified polymorphic DNA. Two of the three patients main-
tained the same strain (33% replacement). The fourth study
used a mixed-linker PCR method to determine that strain
replacement accompanied an increase in resistance in only one
of five patients (20% replacement) (117). In the final study
(142), karyotyping analysis was used to type sensitive and re-
sistant isolates from 10 AIDS patients. Two patients (patients
6 and 20) exhibited sensitive and resistant isolates from the
same strain at different times, while several other patients
exhibited mixed infections of different strains with different
sensitivities at several time points. It is difficult to determine if
these mixed infections represent strain replacement over time
or mixed infections in which the proportion of sensitive and
resistant strains was altered by azole therapy. In one of the two
patients from this study, a substrain was selected as resistance
developed (225), indicating that the concept of strain replace-
ment is dependent on the technique used to determine strain
relatedness. In all of these studies, the sample size is small and
so a generalization on the overall frequency of strain replace-
ment is not possible. It is clear that development of resistance
within the endogenous strain is much more common than
strain replacement. In conclusion, there is a need for a large
prospective survey of HIV-infected patients in which the de-
velopment of resistance and strain identity are closely moni-
tored. Such a study is in progress (139, 155).

The transfer of a strain from one person to another has been
documented in several instances. In one case, a strain of C.
albicans was transferred orally from one HIV-infected man
with oral candidiasis to another (121). In a larger study of 19
sexual partners, at least five pairs had identical or highly re-
lated strains of C. albicans (18). In another study, C. albicans
strains were identical in women with vaginal candidiasis and
their male sexual partner in 8 of 10 cases studied (176). Trans-
fer was not observed in sexual partners without symptoms of
disease. None of these studies tested isolates for antifungal
susceptibility. Still, the documented strain similarities suggest
that transfer of strains can occur, at least in cases in which one
of the individuals has disease symptoms.

Genetic Alterations That Render
a Strain Resistant

Within a species, intrinsically resistant strains occur as part
of the normal distribution of resistance levels (primary resis-
tance). In addition, there is the possibility that a strain can be
induced to be resistant by exposure to the drug over long
periods (secondary resistance) (160). In these cases, it is hy-
pothesized that the drug itself does not cause resistance but,
rather, selects for growth of the more resistant cells in the
population. Genetic mutation occurs by chance in all organ-
isms at a low frequency (usually 10~° to 10~ %/gene). However,
in a large population of yeast cells under selective drug pres-
sure, specific random mutations that render the cell slightly
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more resistant will eventually become the dominant strain in
the population. Unless the genetic mutations that render a cell
resistant also reduce the overall fitness of the cell (133, 202),
the mutant strain will persist even in the absence of the selec-
tive pressure of the drug.

Given the potential for the transfer of strains between indi-
viduals and the genetic stability of resistance, resistant isolates
can quickly have a profound impact on the efficacy of the
antifungal drug used for treatment, especially within a rela-
tively isolated population with frequent interpersonal contacts,
such as HIV-infected populations.

Transient Gene Expression That Renders a Cell
Temporarily Resistant

There are recent data suggesting that strains of Candida can
become transiently resistant to a drug, a phenomenon called
epigenetic resistance. That is, a cell can alter its phenotype,
probably through transient gene expression, to become resis-
tant in the presence of the drug, but the resistant phenotype
can revert quickly to a susceptible phenotype once the drug
pressure is eliminated. Recently, several researchers have dem-
onstrated epigenetic resistance both in vitro (23) and in vivo
(67, 203). Given the transient nature of epigenetic resistance,
little is known about it at this time.

Alteration in Cell Type

C. albicans has a variety of different cell types which vary in
their susceptibility to azoles. C. albicans can be divided into
two serotypes, A and B, based on carbohydrate surface mark-
ers. The B serotype strains of C. albicans are more sensitive to
azoles (specifically ketoconazole) but are more resistant to
5-FC than are the A serotype strains (reviewed in references
132 and 201).

C. albicans is a dimorphic fungus. The yeast-like or blasto-
spore cell types are spherical, budding cells which are associ-
ated with commensal growth of C. albicans. Under a variety of
conditions, C. albicans can form long, slender hyphal projec-
tions, which are often associated with C. albicans pathogenicity
(32). Azole drugs can interfere with hyphal production at 0.1
wM, 1/10 the therapeutic concentration of the drug in vivo
(132). To date, there have been no studies monitoring the
ability of resistant and sensitive clinical isolates of C. albicans
to form hyphae. However, it is possible that a resistant strain
with the ability to form hyphae even in the presence of azole
drugs would be more pathogenic than a sensitive strain that is
unable to form hyphae. This possibility needs further study.

In addition to the yeast/hypha transition that can occur in C.
albicans, several species of Candida have the ability to alter-
nate between several different forms, referred to as “switch
phenotypes” (reviewed in references 185 and 187). These
switch phenotypes represent different states of a yeast cell
where each state expresses a unique set of genes, cellular
structures and cell morphologies. These switch phenotypes are
defined by their ability to manifest as different colony mor-
phologies on agar plates. At least two different laboratories
have described strains of C. albicans in which two different
switch phenotypes exhibit a difference in azole susceptibility
(50, 54).

Alterations in the Fungal Population

Antifungal drug resistance is not a constant among the fun-
gal cells in a population. The number of cells that are present
in an infection or as a commensal growth will have an effect on
antifungal drug resistance, since an increased number of cells
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TABLE 4. Potential molecular mechanisms of antifungal
drug resistance

Alterations in drug import
Alterations in intracellular drug processing
Modification
Degradation
Alterations in the target enzyme
Point mutations
Overexpression
Gene amplification
Gene conversion or mitotic recombination
Alterations in other enzymes in the ergosterol biosynthetic pathway
Alterations in efflux pumps
ABC transporters
Major facilitators

will increase the probability that a mutation can occur that
confers resistance. Recently, several researchers have observed
that there is a great deal of variation in MICs between indi-
vidual colonies of the same strain from a single patient (75,
179). These differences may reflect genomic instability or vari-
ation within a strain. Finally, it is likely that population “bot-
tlenecks” can randomly select for resistance (or susceptibility).
A population bottleneck is a set of conditions that randomly
selects for a small number of cells from a population. That
small subset may contain genetic alterations that will shift the
characteristics of a population in a different direction. Such a
population “bottleneck” might occur when azole therapy dras-
tically reduces the number of fungal cells in oral candidiasis. In
such an example, the azole drug may select for more resistant
cells. However, the bottleneck may not necessarily involve drug
selection. The same phenomenon might be seen with the re-
moval and/or sterilization of dentures. It is possible that the
small subset of fungal cells that survive on the denture or in the
oral cavity is more (or less) genetically predisposed to drug
resistance.

MOLECULAR MECHANISMS OF
AZOLE RESISTANCE

Many different types of mechanisms are known to contribute
to a drug-resistant phenotype in eukaryotic cells (Table 4). The
most frequent resistance mechanisms include reduction in the
import of the drug into the cell; modification or degradation of
the drug once it is inside the cell; changes in the interaction of
the drug with the target enzyme (binding, activity); changes in
other enzymes in the same enzymatic pathway; and an in-
creased efflux of the drug from the cell. Current molecular
analysis of antifungal drug resistance has focused on some of
these areas, but has not adequately explored other possible
mechanisms.

Matched Sets

It is important in the analysis of the molecular mechanisms
of resistance to use a matched set of isolates, that is, sensitive
and resistant versions of the same strain, as determined by
RFLP or karyotyping. This is required because C. albicans is
mostly clonal; that is, it grows vegetatively without sexual re-
production. There is good evidence from Hardy-Weinberg
equilibrium experiments (150) and balanced lethal experi-
ments (220) that C. albicans almost never undergoes a sexual
cycle. Enzyme analysis shows that C. albicans is not in Hardy-
Weinberg equilibrium, which results from a randomly mating
population. The disequilibrium in C. albicans indicates that
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mating is not a common event (150). Most strains of C. albi-
cans contain a large number of balanced lethals (recessive null
mutations) in which the cell relies on one functional copy of
the gene for activity (220). These recessive lethal mutations
could not persist in a population that mated frequently. The
clonal nature of C. albicans makes it imperative that matched
sets of sensitive and resistant versions of a single strain be
characterized when determining the molecular mechanisms of
resistance.

RFLP analysis with the repetitive marker Ca3 demonstrates
a wide variety of RFLP patterns, suggesting that only rarely are
clinical isolates related to each other (105, 177). Specific mu-
tations in a target gene can be the result of allelic variation or
selection for a specific resistance phenotype. The difference
can be determined only with a matched set of sensitive and
resistant isolates from the same strain. To date, few studies
have used matched sets of isolates (114, 142, 153, 170, 171, 222,
223, 225).

Drug Import

Defects in drug import are a common mechanism of drug
resistance. However, it is important to emphasize the distinc-
tion between the import of a drug into a cell and the gradual
accumulation of the drug in the cell, which is the result of a
balance between import into the cell and efflux of the drug
from the cell. Analysis of drug import is difficult at best and
requires that mechanisms of import be separated from efflux
mechanisms. The standard method for studying drug import is
to determine the amount of drug that associates with cells in
extremely short periods (less than 10 s). This method has been
used extensively in studying drug import in parasitic protozo-
ans (65). The short incubation periods are achieved by mixing
the cells and the drug above a layer of mineral oil. After the
short incubations, the cells are pelleted through the mineral oil
and the amount of drug in the cell pellet is determined. At this
time, an analysis of drug import during short periods has not
been performed for any medically important fungi.

Studies of fungi have usually used labeled drug to monitor
the amount of label that accumulates within the cell over
several minutes. These accumulation studies have led to the
identification of several fungal efflux mechanisms (see below).
One study with C. albicans suggested that accumulation of
[*H]ketoconazole required glycolytically derived energy and
was controlled by cell viability, environmental pH, and tem-
perature (19). This study also showed that ketoconazole accu-
mulation at low extracellular concentrations was saturable, im-
plying a specific facilitator of import, while accumulation at
high concentrations appeared to be by passive diffusion. Curi-
ously, this study found no evidence for export, since the addi-
tion of unlabeled drug did not lower the concentration of
labeled drug in the cells. Finally, data in this study suggested
that other azole drugs and amphotericin B increased the ac-
cumulation of labeled ketoconazole in the cell (19). These
results are not easily explained by the currently understood
molecular mechanisms, which include an energy-dependent
efflux pump for fluconazole (see below). The energy require-
ment for ketoconazole accumulation described in this study is
inconsistent with the energy-requiring efflux mechanisms.
Elimination of energy levels would inhibit energy-dependent
efflux pumps, resulting in increased drug accumulation, the
opposite of what is seen with ketoconazole. These results sug-
gest that active transport may be involved in ketoconazole
import. It is possible that the ketoconazole and fluconazole are
imported by two different mechanisms. Further study is clearly
needed.
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Drug import may also be affected by the sterol composition
of the plasma membrane. Several studies have demonstrated
that when the ergosterol component of the membrane is elim-
inated or reduced in favor of other sterol components such as
14a-methyl sterols, there are concomitant permeability
changes in the plasma membrane and a lack of fluidity (204).
These changes may lower the capacity of azole drugs to enter
the cell.

Modification or Degradation of the Drug

It is important to note that alterations in drug processing
(modification or degradation) are important drug resistance
mechanisms in a variety of bacterial and eukaryotic systems
(20). To date, little analysis of drug modification or degrada-
tion within a resistant cell has been performed for the medi-
cally important fungi. It has been mentioned that azoles are
inert to metabolism by C. albicans (67), although no studies
have analyzed the sensitivity of azole drugs to metabolism in
resistant strains or non-albicans species.

Modifications of the Ergosterol
Biosynthetic Pathway

Another common mechanism of drug resistance is modifi-
cation of the target enzyme and/or other enzymes in the same
biochemical pathway. For azole drugs, that pathway is the
ergosterol biosynthetic pathway. Analysis of the sterols of a cell
can provide a wealth of information concerning the alterations
that have occurred in a resistant strain (Table 1). Modifications
in the ergosterol pathway are likely to generate resistance not
only to the drug to which the cells are exposed but also to
related drugs. This cross-resistance will be discussed in a later
section.

A defective lanosterol demethylase (the predominant azole
target enzyme) will result in the accumulation of 14a-methyl
sterols, especially 14a-methyl fecosterol and the diol 14a-
methyl-ergosta-8,24(28)-dien-3B,6a-diol (84). In azole-treated
cells, the presence of 14a-methyl sterols can modify the func-
tion and fluidity of the plasma membrane. In addition, it ap-
pears that cells with 14a-methyl sterols have an increased sen-
sitivity to oxygen-dependent microbicidal systems of the host
(180). The diol that accumulates is known to cause growth
arrest in Saccharomyces cerevisiae (84, 199) but is thought to be
tolerated in C. albicans (11). However, recent studies suggest
that accumulation of the diol is correlated with growth arrest
even in C. albicans (86). The toxic effects of the diol in S.
cerevisiae are eliminated by a mutation in ERG3, which en-
codes C-5 sterol desaturase (Table 1) (11, 84, 217).

Plasmid complementation of the ERG3 mutation in S. cer-
evisiae suggests that the ERG3 mutation alone can cause azole
resistance (4, 84). Biochemical analysis suggests that ERG3
mutations are responsible for resistance in at least two clinical
isolates of C. albicans (86). The sterol composition of Crypto-
coccus neoformans has been studied when cells are exposed to
itraconazole (200). The sterol composition suggests that the
drug affects both lanosterol demethylase and the C-4 sterol
demethylase enzyme, 3-ketosteroid reductase.

Fungal cell extracts and labeled mevalonate can also be used
to monitor the synthesis of sterol intermediates, including
squalene, oxidosqualene, lanosterol, desmethyl sterols, and er-
gosterol (12, 115). The analysis of cell extracts from fungi has
been important in monitoring overall sterol synthesis and the
level of inhibition of lanosterol demethylase by azole drugs
(see, e.g., references 98, 100, and 207). For example, cell ex-
tracts from a polyene- and azole-resistant strain of C. albicans
(D10) did not contain any detectable lanosterol demethylase
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activity whereas the revertant strain, D10R, has lanosterol de-
methylase activity (102). In the absence of drug, strain D10
accumulates 14a-methyl sterols similar to an azole-treated
wild-type cell. Strain D10 is also defective in the formation of
hyphae, while the revertant forms hyphae at normal rates. This
finding suggests that hyphal formation, which is an important
virulence factor (32), can be affected by changes in the ergos-
terol pathway. To date, the genetic mutation in strain D10 has
not been identified.

Biochemical analysis of an unrelated azole-resistant strain of
C. albicans, the Darlington strain, has shown that lanosterol
demethylase activity in this strain does not correlate with re-
sistance (68). Surprisingly, drug accumulation in the Darling-
ton strain is increased compared to that in azole-sensitive
strains, suggesting that drug efflux (see below) is altered with
resistance (69), although one would expect to see increased
efflux in a resistant strain. An analysis of the sterol components
of this strain shows an accumulation of fecosterol, suggesting
that there may be a defect in ERG2 (not ERG3 as previously
reported). The ERG3 gene was recently cloned and expressed
in the Darlington strain. Overexpression of the ERG3 gene
restored ergosterol as the major sterol of the transformant but
did not render the cell susceptible (122).

Cell extracts from fungi other than C. albicans have been
used to show that the lanosterol demethylase has become less
susceptible in resistant clinical isolates. These include Crypto-
coccus neoformans (97, 211), A. fumigatus (35), and H. capsu-
latum (218). The molecular mechanisms for resistance in these
isolates were not described. Cell extracts have also been used
to characterize a resistant form of lanosterol demethylase from
the plant pathogen Ustilago maydis (79).

Molecular Alterations of the ERGI11 Gene

As discussed above, the predominant target enzyme of the
azole drugs is lanosterol demethylase. The gene encoding this
protein is currently designated ERGI1I in all fungal species,
although it has previously been referred to as ERG16 and
CYP51A1 in C. albicans. Several genetic alterations have been
identified that are associated with the ERG11 gene of C. albi-
cans, including point mutations in the coding region, overex-
pression of the gene, gene amplification (which leads to over-
expression), and gene conversion or mitotic recombination.

In one study, a point mutation in ERGII was identified
when an azole-resistant clinical isolate was compared with a
sensitive isolate from a single strain of C. albicans (223). This
point mutation results in the replacement of arginine with
lysine at amino acid 467 of the ERGII gene (abbreviated
R467K, where R = Arg and K = Lys). The mutation is posi-
tioned near the cysteine which coordinates the fifth position of
the iron atom in the heme cofactor. The mutation is thought to
cause structural or functional alterations associated with the
heme. Recent genetic manipulations suggest that R467K alone
is sufficient to cause azole resistance (224). However, in the
series of clinical isolates, several alterations occurred simulta-
neously (223), so it is impossible to determine how much
R467K contributes to the overall azole resistance of the isolate.

Point mutations in ERGI1I have been developed in labora-
tory strains that result in azole resistance. The point mutation
T315A (the replacement of threonine [T] with alanine [A] at
position 315) was constructed in the C. albicans ERG11 gene
(100) based on the current understanding of the active site of
the enzyme (reviewed in reference 77). The active site repre-
sents a pocket positioned on top of the heme cofactor. Sub-
strates or inhibitors enter the active site through a channel that
is accessible only with a shift in an a-helix of the apoprotein.
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Mutations in the active-site pocket, in the channel, and/or in
the mobile helix would be predicted to affect the function of
the enzyme. The T315A mutation, which is situated in the
active-site pocket, was studied in S. cerevisiae, which is more
amenable to genetic manipulation. T315A causes a reduction
in enzymatic activity and a reduction in azole binding to the
active site, resulting in fluconazole resistance. Another point
mutation has been identified in the S. cerevisiae ERG11 gene
from a laboratory strain that was resistant to azole drugs (73,
228). This mutation, D310G (replacement of aspartic acid [D]
with glycine [G] at position 310), is located in the active site of
the enzyme in close proximity to the T315A mutation and
renders the enzyme inactive. However, the azole resistance of
this strain is likely due to an ERG3 suppressor rather than to
an inactive ERGI11 gene product (84).

A survey of resistant and sensitive clinical isolates has iden-
tified seven different point mutations that are associated with
azole-resistant isolates (106). However, the matched sensitive
isolate was not available from these resistant isolates, which
could be used to determine if the point mutations were asso-
ciated with resistance or just the result of allelic variation.
ERGI1I genes from a variety of fungal sources have been ex-
pressed and manipulated in S. cerevisiae (98, 100, 181) and in
Escherichia coli (210). A recent study used functional expres-
sion in §. cerevisiae to identify and characterize five ERGI1
point mutations from matched sets of sensitive and resistant
isolates of C. albicans (168a).

Overexpression of ERGI11 has been described in several
different clinical isolates (2, 171, 222). In each case, the level of
overexpression is not substantial (less than a factor of 5). It is
difficult to assess the contribution of ERG11 overexpression to
a resistant phenotype, since these limited cases of overexpres-
sion have always accompanied other alterations associated
with resistance, including the R467K mutation, and overex-
pression of genes regulating efflux pumps (see below). Over-
expression has not been extensively evaluated, so it is difficult
to assess its importance. It should be noted that low-level
overexpression has also been documented in strains of S. cer-
evisiae (26, 41, 80, 88). In each case, the effect of overexpres-
sion on antifungal susceptibility has been minimal. It remains
to be seen if overexpression of ERG1 alone will result in azole
resistance.

A common mechanism of resistance in eukaryotic cells is
gene amplification. The increase in the number of gene copies
usually results in an increase in expression. Overexpression of
the ERG11 genes in C. albicans has not been associated with
amplification of the ERGI1 gene (171, 222). However, in a
clinical isolate of C. glabrata, increased levels of lanosterol
demethylase were associated with a resistant phenotype (202).
These increased levels of the protein were associated with
ERG11 gene amplification (113, 203) and correlated with an
increase in ERG11 mRNA levels (201). In the same isolate,
changes in drug efflux and in ERG?7 activity were also observed
(203). After 159 subcultures, the gene amplification, increased
mRNA levels, enzyme levels, and drug efflux all reverted to
normal. However, the revertant retained partial resistance to
fluconazole (201). Recently, gene amplification of ERGII in
this isolate has been linked to a chromosome duplication,
which results in overexpression of ERGI1, as well as altered
expression of a variety of other proteins (113).

Another genetic alteration associated with ERG11 has been
described in the same clinical isolates in which the R467K
mutation was described (223). Most, if not all, strains of C.
albicans are diploid, having two alleles of each gene (132).
Clinical isolates are usually clonal (105) and contain several
sequence differences between the two copies of a gene (allelic
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differences). While analyzing the R467K mutation, it was ob-
served that all of the allelic differences present in the sensitive
isolate were eliminated in the resistant isolates containing
R467K. These allelic differences were eliminated from the
region of the ERGII gene including the promoter, coding
region, and terminator region, and into the THR! gene imme-
diately downstream of the ERGI11 gene (223). The simplest
explanation is that the allelic differences were eliminated by a
gene conversion or mitotic recombination involving the
ERGI1 gene, although other possibilities (gene or chromo-
some deletion or mating) could not be completely discounted.
This gene conversion or mitotic recombination resulted in a
cell in which both copies of the ERGII gene contain the
R467K mutation. Genetic evidence suggests that a cell with
two copies of the R467K mutation is significantly more resis-
tant to azoles than a cell in which only one allele has the
R467K mutation (224). Thus, gene conversion or mitotic re-
combination, both of which have been found previously in C.
albicans, may be an important mechanism in the generation of
a resistant phenotype in diploid cells like C. albicans. Gene
conversion or mitotic recombination would not be important in
haploid organisms such as C. glabrata.

Deletion of the ERG11 gene in C. glabrata has been studied
for its effect on enhanced oxidative killing (81). Two ERG11
deletion strains which were fluconazole resistant were more
susceptible to killing by H,O, and by neutrophils than two
fluconazole-sensitive strains with intact ERGI11 genes. This
increased killing (in the absence of drug) may explain why no
clinical isolates of any Candida species have yet been identified
with a totally nonfunctional ERGI11 gene, despite alterations in
drug susceptibility due to point mutations in C. albicans.

Alterations in Other ERG Genes

In addition to alterations in the lanosterol demethylase, a
common mechanism of resistance is an alteration in other
enzymes in the same biosynthetic pathway. The ergosterol bio-
synthetic pathway beginning with squalene is shown in Table 1.
All of the genes listed have been cloned in S. cerevisiae (10, 83,
103). To date, ERGI, ERG2, ERG3, ERG4, ERG7, and
ERG11 have been cloned from C. albicans (82, 89, 92, 96, 122,
174), ERG3 and ERG11 have been cloned from C. glabrata (22,
52), and ERGII has been cloned from C. krusei (22) and C.
tropicalis (26). In addition, PRDI, the NADPH-cytochrome
P-450 reductase that is important for the function of ERG11,
has been cloned from C. albicans (174). Except for the R467K
point mutation in ERG11 of C. albicans, no point mutations in
the ergosterol pathway have been described from a matched
set of azole-resistant and azole-sensitive clinical isolates. Sim-
ilarly, no gene amplification has been observed for the C.
albicans genes to date (171, 222).

The ERG3 and ERG11 genes of C. glabrata have been stud-
ied in some detail (52). When the ERG3 gene was deleted from
a strain of C. glabrata, the cells remained viable under both
aerobic and anaerobic conditions, accumulated the sterol er-
gosta-7,22-dien-33-ol, remained susceptible to fluconazole and
itraconazole, and became hypersensitive to amphotericin B.
When the ERG11 gene was deleted, the cells were viable only
under anaerobic conditions, accumulated lanosterol predomi-
nantly, became resistant to azoles, and had a reduced suscep-
tibility to amphotericin B. The double mutant (deletion of both
ERG3 and ERG11) was aerobically viable, accumulated 14a-
methylfecosterol and lanosterol, was resistant to azoles, and
had a reduced susceptibility to amphotericin B. The behavior
of these mutations for aerobic and anaerobic growth and for
sterol accumulation is similar to that described for S. cerevisiae
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(198). However, the antifungal resistance patterns are not sim-
ilar, suggesting that the pattern of sterol control and antifungal
resistance differs between closely related yeast species (52).
This suggests that analysis of the ergosterol biosynthetic path-
way in one species may not be applicable to other yeasts.

This analysis has also demonstrated that the ERG3 mRNA
level was elevated in ERGI11 deletions and that the ERGI]
mRNA level was elevated in ERG3 deletions. This suggests
that transcriptional control of at least two genes occurred in
the ergosterol biosynthetic pathway, perhaps by negative feed-
back from ergosterol. The lack of ergosterol in the deletion
strains may have induced the transcription of ERG3 and/or
ERGI1. This may be similar to transcriptional control of ERG
genes in S. cerevisiae, where ERG11 is regulated by the carbon
source, heme, and O, (aerobic and anaerobic growth) (198).

Sterol analysis of C. albicans clinical isolates has suggested
that alterations in ERG3 may be a major cause of azole resis-
tance (85, 86). ERG3 defects prevent the production of the diol
that would cause growth arrest (see above). ERG3 defects have
been suggested to be a major source of azole resistance in a
number of fungi, including the plant pathogen U. maydis (79).

In Cryptococcus neoformans, the azoles appear to directly or
indirectly block the C-4 sterol demethylase enzyme complex,
which prevents the production of the diol without an ERG3
defect (76). Sterol analysis of fluconazole resistance in C. neo-
formans suggested that resistant strains may have defects in
ERG?2 or in ERG3 (211); these strains appear to be cross-
resistant to amphotericin B.

In addition to its interactions with lanosterol demethylase,
itraconazole interacts with ERG24 in C. neoformans and H.
capsulatum, which explains the increased potency of itracon-
azole against these species (203).

Recently, the ERG5 gene was cloned from S. cerevisiae and
found to be another cytochrome P-450 enzyme (83). The azole
drugs bind with similar affinity to this enzyme, suggesting that
both ERG5 and ERG11 may be responsible for azole tolerance
(Table 1).

Decreased Accumulation of Drug

As discussed above, little is known about the mechanisms by
which a drug enters a fungal cell. However, in recent years,
several studies have investigated the accumulation of drugs in
cells for which the drug MIC is high. Using radioactively la-
beled drugs such as fluconazole, these studies have demon-
strated that resistant isolates frequently accumulate less drug
than do matched sensitive isolates. Several of these studies
went on to show that the decreased accumulation is energy
dependent.

Reduced accumulation of radiolabeled fluconazole has been
documented for a variety of resistant clinical isolates of C.
albicans (2, 99, 171, 209). Accumulation in sensitive isolates
was shown to be temperature dependent and was not affected
by energy inhibitors such as sodium azide or 2-deoxyglucose. In
azole-resistant isolates, including a laboratory-induced isolate,
fluconazole accumulation was reduced. Intracellular levels of
the drug in resistant isolates were then increased by the addi-
tion of sodium azide, suggesting that an energy-dependent
efflux pump was associated with resistance (2, 171).

Accumulation of fluconazole was studied by using [*H]flu-
conazole in matched sets of azole-sensitive and azole-resistant
isolates of C. glabrata (70, 138, 202). Azole-resistant isolates
accumulated significantly less fluconazole than did azole-sen-
sitive isolates from the same strain. Only small changes in
ergosterol biosynthesis were detected in the resistant isolates.
Metabolic or respiratory inhibitors increased the fluconazole
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accumulation of azole-resistant isolates, suggesting that ener-
gy-dependent efflux pumps were involved. Efflux pump modu-
lators were tested for their effects on fluconazole accumula-
tion. Only benomyl competed with fluconazole under these
conditions (138) (benomyl resistance is discussed below).

Reduced drug accumulation has been associated with intrin-
sic azole resistance to fluconazole, itraconazole, and ketocon-
azole in C. krusei (111). An itraconazole-resistant isolate of C.
krusei did not exhibit any alteration in ergosterol biosynthesis
but did show a reduced accumulation of drug compared to a
laboratory strain (208). However, a matching sensitive version
of the same strain was not available.

Rhodamine 123 (Rh123) is a substrate for a variety of efflux
pumps in many systems and has been used to study accumu-
lation in fungal cells. Azole-resistant strains of C. albicans, C.
glabrata, and C. krusei accumulate less Rh123 than do azole-
sensitive strains (28). Rh123 accumulation is dependent on the
growth phase and temperature. Proton uncouplers and the
efflux pump modulator reserpine increase accumulation, prob-
ably by decreasing the activity of the efflux pumps. In C. gla-
brata, Rh123 and fluconazole accumulation is competitive, sug-
gesting a common efflux pump, while in C. albicans, the two
drugs do not complete (28).

Reduced accumulation has also been suggested as a mech-
anism of resistance for a C. neoformans laboratory mutant that
is resistant to both azoles and polyenes (76). The strain had no
detectable change in its sterol pattern. No direct measure of
drug accumulation was reported.

For the last several years, there were no reports of itracon-
azole resistance that were not the result of cross-resistance to
fluconazole (201). However, recently, itraconazole resistance
in three strains of A. fumigatus was described. One of the
strains had a reduced cellular accumulation of labeled itracon-
azole, suggesting that resistance in this strain is mediated by an
efflux pump (35).

Drug accumulation has also been studied for terbinafine in
Trichophyton rubrum. Accumulation is 10-fold higher in T.
rubrum than in C. albicans, which may explain the high sensi-
tivity of 7. rubrum to terbinafine (44).

Two Major Types of Efflux Pumps

Eukaryotic cells contain two types of efflux pumps that are
known to contribute to drug resistance: ATP binding cassette
(ABC) transporters (ABCT) and major facilitators (MF) (110,
119). Both types of pumps are known to cause drug resistance
in other systems. The ABCT are frequently associated with the
active efflux of molecules that are toxic to cells and are rela-
tively hydrophobic or lipophilic, as is the case with most azole
drugs. The MF have not been studied as extensively as the
ABCT but are also associated with relatively hydrophobic mol-
ecules such as tetracycline (110).

The ABCT are composed of four protein domains: two
membrane-spanning domains (MSD), each consisting of six or
seven transmembrane-spanning segments, and two nucleotide
binding domains (NBD) (119). The NBD of ABCT bind ATP
through an ABC that consists of several conserved peptide
motifs, including two Walker domains, a Signature domain and
a Center domain. The ATP that is bound to the ABC is used
as a source of energy for the ABCT, although the mechanism
by which the ATP energy causes transport of the substrate
molecule is unknown.

The MF do not contain NBD. They are composed primarily
of 12 to 14 transmembrane segments (110, 140). The MF use
the proton motive force of the membrane (gradient of H™
across the membrane) as a source of energy. In general, the
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MF work by antiport; that is, protons are pumped into the cell
and substrate molecules are pumped out.

Recently, the complete sequencing of the genome of S. cer-
evisiae has allowed a determination of the total number of
ABCT and MF in the genome of a eukaryotic cell. Thirty
ABCT genes that contain an ABC were identified (194). Twen-
ty-three of these genes appear to encode transmembrane seg-
ments, which suggests that they could function as drug pumps
and are closely related to known ABCT drug pumps. Twenty-
eight MF genes were also identified in the S. cerevisiae genome
by homology to the five known MF genes of fungi (57). This
suggests that S. cerevisiae contains at least 51 different genes
encoding efflux pumps that could contribute to the drug resis-
tance levels of the cell. There is good reason to believe that
Candida and other fungi would have a similar number of efflux
pumps in their genomes (see below).

ABC transporters of Candida. The 30 ABCT of S. cerevisiae
are grouped into six families, based on sequence similarities.
Three of these families, PDR5, MRP/CFTR, and MDR, contain
ABCT members that are known to cause drug resistance in a
variety of systems. To date, 13 efflux pumps have been de-
scribed in C. albicans. Ten members of the PDRS5 family have
been described (129, 148, 168, 169, 174). These genes are
named CDR (Table 2) and have been linked to azole drug
resistance (see below). The HST6 gene of Candida is a member
of the MDR gene family and was isolated because it comple-
mented a mutation in STE6, an MDR gene from S. cerevisiae
(151). Two groups have identified segments of the Candida
YCFI gene from the MRP/CFTR family (90, 174). The Candida
ELFI gene is a member of the YEF gene family of ABCT
(191). This ABCT gene has homology to translation elongation
factors and is unlikely to be associated with drug resistance.
The YCFI and ELFI genes were both isolated by serendipity
and have not yet been associated with drug resistance (90, 174,
191). In addition, 14 PCR products with sequence homology to
the ABC of ABCT have recently been reported (213).

To date, the only ABCT genes that have been correlated
with azole resistance are the CDR genes. CDRI was first iso-
lated by complementation of the PDR5-mutant strain of S.
cerevisiae. The PDR5 mutant of S. cerevisiae is hypersensitive to
cycloheximide and chloramphenicol and to azole drugs (148).
Complementation of this mutant with CDRI restored the re-
sistance of the cells to cycloheximide and chloramphenicol, as
well as to azole drugs, nystatin, and other unrelated drugs (148,
171). This analysis also indicated that other genes from C.
albicans can complement the PDR5 mutant strain of S. cerevi-
siae. When CDRI mRNA levels were monitored in azole-
resistant clinical isolates of C. albicans, three of five matched
sets of sensitive and resistant isolates showed an increase in
CDRI expression (171). In an unrelated study, five azole-re-
sistant strains of C. albicans showed a increased expression of
CDRI compared to azole-sensitive controls (2). In a third
study, CDRI overexpression was correlated with increasing
fluconazole MICs in a series of clinical isolates (222).

Genetic deletion of both alleles of CDRI in C. albicans
resulted in a strain that is hypersusceptible to azole drugs, as
well as terbinafine (an allylamine), amorolfine (a morpholine),
and several metabolic inhibitors (170). The gene disruption did
not affect susceptibility to amphotericin B or flucytosine. Re-
cently, it has been shown that overexpression of CDRI in a
CDRI null mutant resulted in an increased resistance to flu-
conazole and itraconazole (130).

A second gene, CDR2, has been isolated for its complemen-
tation of a PDR5 mutant of S. cerevisiae (169). CDR?2 is closely
related to CDRI and confers resistance to azoles, terbinafine
and amorolfine, and several metabolic inhibitors. Gene disrup-
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tion of CDR2 did not cause hypersusceptibility to these agents,
but the strain with the double disruption (CDRI and CDR?2)
was more hypersusceptible than the strain with the CDRI sin-
gle disruption (169). CDR2 overexpression was observed in the
resistant isolates from two matched sets of sensitive and resis-
tant clinical isolates. CDRI overexpression was also observed
in the resistant isolates in these pairs, but at a lower level.
Overexpression of both genes suggests that transcriptional con-
trol may have activated both genes in these isolates. In S.
cerevisiae, several transcriptional regulators (PDR3, PDRI,
yAPI, yAP2 [CADI]) control several members of the PDR
family of ABCT (110). Recently, the C. albicans homolog of
yAPI was identified (1). This gene, called CAPI, is associated
with resistance to azoles, as well as cycloheximide and 4-nitro-
quinoline-N-oxide (1). In S. cerevisiae, both transcriptional fac-
tors CAPI and yAPI regulate a new S. cerevisiae MF pump,
FLRI, which is associated with resistance to azoles, cyclohex-
imide, and 4-nitroquinoline-N-oxide (1). Finally, in C. albicans
strains containing a CDRI disruption, spontaneous revertants
were shown to express CDR2 (169). At least eight other CDR
genes have been identified by a variety of molecular and ge-
netic manipulations (129, 152, 168). The relationship between
these genes and drug resistance has yet to be established.

Recently, two ABCT were cloned and sequenced from As-
pergillus nidulans (33). Transcription of these genes was in-
creased when the cells were grown in the presence of azole
drugs and other inhibitory compounds and is correlated with
an energy-dependent efflux of azole drugs in this species (36,
37). PCR with degenerate primers has also been used to iden-
tify ABCT pumps in both A. fumigatus and A. flavus (195). One
of the A. fumigatus pumps confers resistance to the cell wall
antifungal agent cilofungin when expressed in S. cerevisiae
(195). It is likely that ABCT in these Aspergillus species will be
associated with resistance to many classes of antifungal drugs.

Major facilitators in Candida. To date, the only MF gene
that has been cloned in medically important fungi is the MDRI
gene from C. albicans (also referred to as Ben-R) (45), while a
related gene, CYHR, has been cloned from the non-pathogenic
Candida maltosa (173). The MDRI gene was originally cloned
for its ability to confer both benomyl and methotrexate resis-
tance when transformed into S. cerevisiae (45). This transfor-
mant also demonstrates resistance to cycloheximide, benztria-
zoles, 4-nitroquinoline-N-oxide, and sulfometuron methyl (16).
C. albicans is intrinsically resistant to these drugs. In C. albi-
cans, both alleles of the MDRI gene were deleted by genetic
manipulation (58). The cells remained viable but became sen-
sitive to each of the drugs listed except benomyl, suggesting
that the gene is important for resistance to most of these drugs
and that the cells have more than one mechanism of benomyl
resistance.

The C. albicans MDRI gene was shown to be overexpressed
in the fluconazole-resistant isolate in one of five matched sets
of clinical isolates (171) and of one of five azole-resistant
isolates when compared to azole-sensitive isolates including
one matched set (2). In a third study of 17 sequential isolates,
overexpression of MDRI occurred early in this series, corre-
lating with a major increase in resistance (222). The overex-
pression of MDRI then continued throughout the series. These
experiments suggest a correlation between MDRI overexpres-
sion and azole resistance in clinical isolates.

Genetic manipulations have also demonstrated that major
facilitators can be involved in azole resistance. When the
MDRI gene was overexpressed in S. cerevisiae, the cells became
resistant to fluconazole but not to ketoconazole or itraconazole
(171). The cells were also resistant to benomyl and the other
compounds discussed above. When both allelic copies of the
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MDRI gene were deleted in a laboratory strain of C. albicans,
the cells became more susceptible to 4-nitroquinoline-N-oxide
but were unaltered in their susceptibility to other drugs includ-
ing the azoles (170). If the MDRI deletion was combined with
the CDRI deletion (discussed above), the cells became more
susceptible to cycloheximide or cerulenin than did cells with
either single gene deletion (170). The MDRI gene disruptant
had a reduced virulence in a mouse model of systemic candi-
diasis (15).

Correlation, not cause. It is important to note that the efflux
pumps discussed above, including the CDR genes and the
MDRI gene, show an increased expression that correlates with
resistance in clinical isolates of C. albicans. Mutant strains of
C. albicans and S. cerevisiae with disruptions in these genes are
hypersusceptible to azole and other drugs, and overexpression
of these genes in S. cerevisiae can cause an increased resistance.
However, there is no definitive proof that overexpression of
these genes in C. albicans results in a drug-resistant phenotype.

Possible mechanisms of efflux pump overexpression. The
involvement of the efflux pumps (CDR genes and MDRI) in
the azole resistance of clinical isolates has been demonstrated
only by increased mRNA levels, and the cause of the increased
mRNA levels has not been determined. Increased mRNA lev-
els can be the result of at least three different mechanisms (20).
A common mechanism for increased mRNA levels in eukary-
otic cells is gene amplification, in which each of many gene
copies is transcribed at a normal level so that the total amount
of mRNA is increased. There are several mechanisms by which
a gene can become amplified (20). Another common mecha-
nism for increased mRNA levels is increased transcription
from endogenous copies of the gene, which can be the result of
mutations in the promoter of the gene or of alterations in the
levels or activity of transcriptional activators that interact with
the gene promoter. Finally, mRNA levels will increase if the
gene is transcribed at a normal level, but the half-life of the
mRNA is increased when it is degraded more slowly. This is
usually the result of a mutation in the 3’ untranslated region of
the mRNA. To date, there is no data to determine which of
these three mechanisms is the most common in clinical isolates.

Summary of Resistance to Azoles

All of the molecular mechanisms described above are sum-
marized in Fig. 1. In a susceptible cell, azoles enter the cell by
an unknown mechanism and target lanosterol demethylase, the
target enzyme and product of the ERG1 gene, which is part of
the ergosterol biosynthetic pathway. Low-level expression of
the CDR genes and the MDRI gene is frequently observed. In
a resistant cell, the azoles are blocked from interacting nor-
mally with the target enzyme because the enzyme can be mod-
ified and/or overexpressed. Mutations in other enzymes in the
pathway (such as ERG3) can contribute to resistance. Both
ABCT such as the CDR genes and MF such as the MDRI gene
can be overexpressed. The CDR genes appear to remove many
azole drugs, while MDRI appears to be specific for fluconazole.

Resistance Is a Gradual Accumulation
of Several Alterations

In clinical isolates, it is unlikely that a single mutation will
transform a susceptible strain into a highly resistant strain.
Resistance usually arises after long periods in the presence of
the drug, conditions that may support the gradual, stepwise
development of resistance. It is more likely that resistance will
gradually evolve over time as the result of several alterations
due to continuous selective pressure from the drug. This sug-
gests that several alterations will contribute to the final resis-
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FIG. 1. Molecular mechanisms of azole resistance. In a susceptible cell, azole drugs enter the cell through an unknown mechanism, perhaps by passive diffusion.
The azoles then inhibit Ergl1 (pink circle), blocking the formation of ergosterol. Two types of efflux pumps are expressed at low levels. The CDR proteins are ABCT
with both a membrane pore (green tubes) and two ABC domains (green circles). The MDR protein is an MF with a membrane pore (red tubes). In a “model” resistant
cell, the azoles also enter the cell through an unknown mechanism. The azole drugs are less effective against Ergl1 for two reasons; the enzyme has been modified by
specific point mutations (dark slices in pink circles) and the enzyme is overexpressed. Modifications in other enzymes in the ergosterol biosynthetic pathway contribute
to azole resistance (dark slices in blue spheres). The sterol components of the plasma membrane are modified (darker orange of membrane). Finally, the azoles are
removed from the cell by overexpression of the CDR genes (ABCT) and MDR (MF). The CDR genes are effective against many azole drugs, while MDR appears to
be specific for fluconazole. Reprinted from reference 221 with permission of the publisher.

tant phenotype. The accumulation of alterations has been doc-
umented for one series of 17 clinical isolates (Fig. 2) (222, 223,
225). After the initial selection of a substrain of C. albicans
(225), the MDRI efflux pump was overexpressed (222). Subse-
quently, three simultaneous changes occurred, all of which
involved the ERG11 gene: a point mutation (223), a gene
conversion or mitotic recombination of the ERG11 point mu-

tation converting both alleles to the mutant version (223), and
overexpression of ERG11 (222). These changes resulted in an
enzyme activity that was resistant to fluconazole. Finally, the
CDR efflux pumps were overexpressed (222) (Fig. 2). Each of
these alterations is likely to contribute in some way to the
overall resistance phenotype of the final cell. At this time,
there is no indication that the order of these alterations is
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FIG. 2. Time course of the development of fluconazole resistance in a patient
with AIDS. Isolates are shown on the x axis in the order in which they were
obtained from the patient. The dose that was administered to the patient (O) at
the time each isolate was obtained is graphed at the bottom. Doses are given on
a linear scale on the right axis in milligrams per day. MICs of fluconazole were
determined by macrobroth dilution ((J) and microbroth dilution (). Only two
differences were observed between the two methods. MICs of itraconazole (A),
ketoconazole (A), and amphotericin B (®) were determined by E-tests and
confirmed by the NCCLS macrobroth dilution method. MICs (in micrograms per
milliliter) are given on a logarithmic scale on the left axis. Genetic changes that
were identified are summarized above the graph and are described in detail in
the text. Reprinted from reference 222 with permission of the publisher.

important. It is likely that each would contribute to the resistance
phenotype independent of the timing of the alteration. This grad-
ual increase in resistance associated with specific alterations is an
important mechanism of resistance, not only in C. albicans but
probably also in other fungi, and it has been shown in a variety of
other eukaryotic and prokaryotic systems (20).

Cross-Resistance

As described above, clinical isolates that are resistant to one
azole are frequently cross-resistant to other azole drugs and
can be cross-resistant to polyenes as well. With the current
understanding of molecular mechanisms, predictions can be
made about the molecular mechanisms that are associated with
cross-resistance. Overexpression of the CDR genes is a com-
mon mechanism of resistance, and it appears that the CDR
genes render a cell resistant to many different azoles while
overexpression of MDRI appears to be specific for fluconazole
and is not associated with cross-resistance (169-171). R467K,
the one point mutation in ERGI1 that is associated with resis-
tance, appears to cause cross-resistance to other azoles but not
to amphotericin B (222). It is not clear if specific point muta-
tions in ERG11 will always be associated with cross-resistance.
Similarly, there has been insufficient analysis to determine if
alterations in other enzymes in the ergosterol pathway will
result in cross-resistance.

Unidentified Mechanisms

The work in defining the mechanisms of antifungal drug
resistance is still evolving. The mechanisms described above
will probably be complemented by descriptions of other, as yet
undefined mechanisms such as alterations in drug import or
processing. As quickly as new drugs are developed, drug selec-
tion will favor new mechanisms that allow the cell to overcome
the effects of these drugs.
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MOLECULAR MECHANISMS OF
NON-AZOLE RESISTANCE

Allylamine and Thiocarbamate Resistance

Allylamine resistance has not been reported for medically
important fungi, although resistant strains have been described
in S. cerevisiae and the plant pathogen U. maydis (201). Resis-
tance to morpholines or thiocarbamates has not been reported.
However, as with any antimicrobial agent, prolonged use will
probably select for strain replacement with a resistant isolate
or the development of secondary resistance in the original
sensitive isolate.

5-Flucytosine Resistance

Primary or intrinsic resistance to 5-FC is a common phe-
nomenon. Estimates suggest that 10% of C. albicans clinical
isolates are intrinsically resistant and that 30% will develop
secondary resistance (203). The genetics of 5-FC resistance has
been investigated in several fungi. In diploid C. albicans,
strains with partial resistance appear to be heterozygous for
the resistance gene (FCY/fcy). Resistance appears to be a
recessive characteristic, and the resistance phenotype (fcy/fcy)
can result from further mutation or mitotic recombination of
the heterozygote. Mutations in the haploid Cryptococcus neo-
formans are the most likely cause of 5-FC resistance in these
yeasts. Genetic analysis has indicated that there are two ge-
netic loci, FCYI and FCY2, that can be mutated to produce
5-FC resistance (3).

Primary or intrinsic resistance to 5-FC is usually the result of
a defect in cytosine deaminase (203). Secondary resistance to
5-FCin C. albicans is due primarily to a decrease in the activity
of the uracil phosphoribosyl transferase (UPRTase), which is
involved in the synthesis of FUMP and FAUMP (204, 219). Of
the two serotypes of C. albicans, serotype B is more frequently
associated with 5-FC resistance (201).

Resistance to 5-FC in C. neoformans can occur and usually
results from the loss of UPRTase or cytosine deaminase activ-
ities (219). These enzymes make up the pyrimidine salvage
pathway. The frequency of 5-FC resistance is lowest in C.
albicans, intermediate in C. neoformans, and highest in As-

pergillus spp. (201).

Polyene Resistance

Polyene resistance has not been a major clinical problem to
date, although polyene-resistant isolates (resistant to nystatin
or amphotericin B) have been reported and characterized.
Intrinsic resistance to amphotericin B has been reported in
Trichosporon beigelii, C. lusitaniae, C. guilliermondii, Pseudal-
lescheria boydii, and certain dematiaceous fungi (3, 111). Am-
photericin B-resistant clinical isolates of C. tropicalis have also
been found (112), and resistant strains of C. albicans, C. neo-
formans, Aspergillus nidulans, and A. fennelliae have been con-
structed in vitro (21, 71, 203). These strains were either ex-
posed to chemical mutagenesis or serially passaged in media
containing increasing amounts of polyene. Most polyene-resis-
tant clinical isolates have a greatly reduced ergosterol content
in their membranes (201). Based on an analysis of sterol com-
position, several clinical isolates of C. albicans may be defective
in ERG2 or ERG3 (21, 63, 87, 131, 201). Unfortunately, the
stability of these mutations or the molecular defects that
causes the azole resistance have not been described for any
polyene-resistant mutation. One of these strains with an ap-
parent ERG2 defect appears to be unable to form amphoter-
icin B-generated pores in the membrane (63). There is evi-
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dence to suggest that alterations in the membrane structure or
in the sterol-to-phospholipid ratio in the membrane may be
associated with resistance (21, 67).

At least three different types of amphotericin B-resistant
mutants of C. neoformans have been isolated, containing alter-
ations in sterol content, alterations that cause cross-resistance
to azoles, and alterations that are specific for amphotericin B
(78). For most of these isolates, the molecular mechanisms
that cause resistance have not been determined. Sterol analysis
of one isolate suggested an alteration in ERG2 (87). Environ-
mental isolates of C. neoformans that were serially passaged in
a murine model of cryptococcosis became less susceptible to
amphotericin B (31). This suggests that the resistance levels of
a fungal population can be altered by interactions with the
host.

CLINICAL IMPLICATIONS AND FUTURE DIRECTIONS

Dosing

At this time, antifungal drug resistance is clearly becoming a
common problem in patients who have a history of antifungal
drug use. However, it is not clear what dosing strategies should
be used during prophylaxis or treatment to avoid the develop-
ment of resistance. Azoles, for example, should probably not
be used prophylactically for oral or vaginal candidiasis since
they may predispose to resistance. However, azole mainte-
nance therapy is be required to prevent the recurrence of
cryptococcal meningitis in patients with HIV infection. Several
variables need to be considered when trying to minimize the
risk for development of resistance, including intermittent ver-
sus continuous dosing, the amount of drug administered, the
length of treatment, and the immune status of the patient. At
this time, none of these factors has been evaluated for its
contribution to antifungal resistance, and a large clinical trial
by the Mycoses Study Group and the AIDS Clinical Trial
Group is under way to evaluate some of these factors for azole
use in the HIV-infected population. From experience in other
biological systems where drug resistance is a problem, one
would predict that continuous treatment with a high dose of
drug for as brief a time as possible to effect a cure would result
in the least risk for development of resistance, but these factors
must be evaluated in clinical trials targeted to specific drugs,
infections, and patient populations.

Detection

The NCCLS method for the determination of antifungal
susceptibility is currently a standardized technique that can be
used to determine the levels of resistance of a yeast strain. The
current technique includes both macro- and microdilution
broth methods to determine the MIC of a drug. Efforts to
make the procedure applicable to a variety of medically im-
portant fungi will doubtless improve the value of this tech-
nique. However, it will probably remain a time-consuming
technique. Quicker methods for the determination of resis-
tance would clearly be welcomed in a clinical laboratory. How-
ever, the molecular mechanisms detailed in Fig. 1 suggest that
a molecular assay for resistance is unlikely to be simple, be-
cause it would have to monitor all of the mechanisms so far
described to date and new mechanisms as they are discovered.
One alternative that should be explored is to use molecular
methods to assess the overall fitness of a cell in the absence and
presence of a drug. Such a technique might prove quicker and
easier than monitoring all possible mechanisms.
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Drug Development

There is a clear need for the next generation of antifungal
agents. However, it is important to incorporate what is cur-
rently known about antifungal drug resistance into the devel-
opment of new drugs if those resistance mechanisms are to be
avoided. For instance, new and improved azole drugs such as
voriconazole should be carefully monitored to determine if
they are substrates for the efflux pumps that are already caus-
ing resistance to fluconazole (48). This will be difficult since
there are probably a large number of efflux pumps in the fungal
genome and it is impossible to test each of these pumps at
present (see above). New classes of antifungal drugs that are
active against azole-resistant isolates, such as the cationic pep-
tide histatin (197), will clearly be important for future treat-
ment strategies.

The broad substrate specificity of the efflux pumps is likely to
be a problem even for drugs unrelated to the azoles. Clearly,
any new drug should be tested as a substrate for the currently
available efflux pumps. However, it is important to keep in
mind that these pumps are only a small subset of the efflux
pumps encoded in the genome (see above).

One important aspect to keep in mind when examining the
molecular mechanisms of antifungal drug resistance is the po-
tential for cross-resistance to the polyenes, especially ampho-
tericin B. Since amphotericin B is the “gold standard” for
antifungal drug therapy, it is important to carefully monitor
isolates for cross-resistance to this drug. Any therapy or drug
that is prone to cause cross-resistance to amphotericin B will
have profound negative effects on our ability to treat those
fungal infections.

Perhaps the most interesting new antifungal drug target
would be the efflux pumps themselves. Any drug that inhibits
the activity of these pumps would probably increase the intra-
cellular concentration of drugs such as the azoles, thereby
increasing the effectiveness of those drugs. Unfortunately, the
currently available inhibitors of these efflux pumps are not
effective against fungi, perhaps because the drugs cannot pen-
etrate the fungal cell wall. Clearly, modification of these drugs
will be necessary to get the efflux pump inhibitors into the cell.

It is likely that the future of antifungal drug therapy lies in
drug combinations. Some drug combinations, such as ampho-
tericin B and 5-FC, are currently in use (93, 216), and others,
such as amphotericin B and azoles (165, 192), azoles and 5-FC
(40, 127), and azoles and terbinafine (7), have been discussed
and are being tested. With the development of new classes of
antifungal drug, such as the cell wall inhibitors, and with the
knowledge of molecular mechanisms of azole resistance, other
potential combinations of drugs are likely to be tested and
found effective. One combination that was alluded to above is
treatment with azole drugs and an efflux pump inhibitor that is
effective against fungal cells.

Other Strategies

The success or failure of antifungal drug therapy is depen-
dent not only on the drug, but also on several other factors
(Table 3). Perhaps the best way to improve antifungal drug
therapy is to improve the immune status of the host. In many
cases, this is not possible, but there are situations in which
improving host function may improve outcome. Cytokines such
as granulocyte colony-stimulating factor may be useful in the
treatment of fungal disease (3, 125). A combination of azoles
and cytokines may be an important therapeutic strategy for
fungal infections in immunocompromised individuals (147).

Another important strategy in treating fungal disease is the
elimination of the disease focus. The removal of fungus-con-
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taminated foreign objects or the surgical removal of abscesses
can also reduce the fungal burden and allow the host and
antifungal drugs to clear the infection, even with strains that
are resistant to standard antifungal therapy.

Finally, new drug delivery systems such as lipid formulations
of amphotericin B may have a place in the treatment of anti-
fungal-drug-resistant infections. It is possible that different
drug delivery systems will alter the way a yeast cell interacts
with a drug and that this will have a negative or positive effect
on the development of azole resistance.

CONCLUSIONS

In this review, we have outlined what is currently known
about the clinical, cellular, and molecular factors that contrib-
ute to antifungal drug resistance. While many contributing
factors have been identified (Tables 3 and 4; Fig. 1) (see
above), there is only rudimentary information on the mecha-
nism by which these factors contribute to overall drug resis-
tance or the initiating events that trigger any of these factors.
Thus, the study of resistance is progressing from a catalog of
the basic resistance mechanisms to an understanding of the
details of each mechanism and of the steps involved in the
activation of these mechanisms. The ongoing developments in
the understanding of resistance should assist in the develop-
ment of diagnostic strategies that identify resistant clinical
isolates in patient populations, treatment strategies for resis-
tant fungal infections, and prevention strategies that forestall
the development of antifungal drug resistance. Despite all of
these efforts, we are faced with the fact that fungi will contin-
ually develop new resistance mechanisms to the available an-
tifungal drugs.
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